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Abstract

:

Expanded polystyrene (EPS) buoys, commonly employed in South Korean aquaculture farms, are prone to fragmentation, generating substantial marine debris. The trajectories of EPS buoys dislocated from aquaculture farms were investigated using a Lagrangian particle-tracking model. Daily ocean current data from the 1/12° Hybrid Coordinate Ocean Model analysis and wind data from the 1/4° European Center for Medium-Range Weather Forecasts reanalysis were used as inputs. The particles were released daily, and the initial positions and number of particles were determined based on the usage of EPS buoys. Because EPS buoys are highly buoyant, both wind and ocean currents considerably influence their movement. To account for variations in the buoyancy of these buoys, three experiments were conducted, each considering different levels of windage. The simulation results closely aligned with the observed coastal distribution patterns of the large EPS debris. As the windage increases, the particles exhibit a swifter deviation from their original locations, highlighting the need for effective local management. Moreover, this increased windage affects the distribution patterns in regional seas, reducing the number of particles that flow into the East Sea, while increasing the number of particles that migrate into the Yellow Sea and East China Sea.
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1. Introduction


Expanded polystyrene (EPS, commonly known as Styrofoam) is an inexpensive, readily processed, and highly buoyant material, rendering it suitable for diverse applications. In South Korea, particularly along the southern coast, EPS-based buoys are commonly used in aquaculture farms in the cultivation of seaweeds, abalone, fish, oysters, mussels, and sea squirts (Figure 1). As of 2017, approximately 52 million EPS buoys are deployed annually in domestic coastal regions [1]. Notably, sea mustard (30%), laver (29%), and oyster farms (18%) collectively account for about 77% of the total buoy usage, and with the inclusion of kelp (10%) and abalone (9%), they comprise approximately 96%.



Despite their utility, EPS buoys have emerged as a major source of marine debris along the South Korean coast. By 2021, plastics comprised over 80% of the country’s total coastal debris, with EPS contributing to over 20% of plastic waste [2]. Although the South Korean government imposed a ban on new EPS buoys in November 2022, challenges remain in managing existing buoys and adopting eco-friendly alternatives. These drifting buoys not only pose economic threats to marine ecosystems and the tourism sector [3] but are also fragmented into smaller-sized microplastics through physical, chemical, and biological processes [4]. EPS microplastics are frequently reported along the South Korean coast [5,6]. In particular, Lee et al. [7] assessed the generation of debris in the Gyeongsangnam-do province by examining the usage, annual input, loss, recovery, and illegal disposal rates of EPS buoys; they revealed that the annual debris generation rate is approximately 11% of the total usage. However, limited information is available on the movement of EPS buoys and their impact on various locations once they disengage from aquaculture farms. Considering these aspects, characterizing the pathways of EPS buoys originating from aquaculture farms is essential to effectively mitigate their environmental impacts.



Particle-tracking models are valuable tools for tracing floating marine debris. Previous studies have indicated that windage, in combination with ocean currents, significantly shapes the movement of floating debris [8,9,10,11,12,13,14]. Maximenko et al. [9] and Murray et al. [10] demonstrated that items with high windage, such as EPS and buoys, traversed the Pacific Ocean to reach the Canadian coast more swiftly than items with low windage in the aftermath of the 2011 earthquake-induced tsunami. Yoon et al. [14] used a model to simulate the distribution of plastic waste in the East Sea by considering five levels of buoyancy. To account for windage, they varied the ratio of the plastic exposed to air and submerged in water between 0 and 100%, with the corresponding windage ranging from 0 to 30%, revealing that the residence time of plastics in the East Sea strongly depended on windage. Additionally, Seo and Park [11] used windages between 0 and 5% to model buoyant plastic debris discharged from rivers entering the seas around the Korean Peninsula. They demonstrated that windage significantly influenced the rate at which plastic debris reached the Northwestern Pacific coast. In particular, previous studies have primarily focused only on tracking plastic debris stemming from accidents or population sources and have not explored the movement of EPS buoys originating from aquaculture sites.



To address this research gap, this study investigates the movement characteristics and arrival of EPS floats originating from aquaculture farms on the southern coast of South Korea (Figure 2) using a Lagrangian particle-tracking model. Our aim is to comprehend transboundary transport and beaching by analyzing the dispersal of these particles in the Northwestern Pacific waters around the Korean Peninsula. We intend to compare the movements of buoys used in aquaculture farms by applying varying levels of windage, while also considering the conditions of the buoys in use. Section 2 presents details on the model and experimental conditions. Moreover, we validated the model outcomes by comparing them with coastal observation data, and the corresponding results along with a discussion on the limitations of the model are presented in Section 3. Finally, Section 4 concludes this paper, summarizing this study and the implications of the findings.




2. Materials and Methods


2.1. Buoy-Tracking Model


The model used in this study is based on the following equation, as described in previous studies by Seo and Park [11,12] and Seo et al. [13]:


      x  →    t + Δ t   =     x  →    t   +   ∫  t   t + Δ t          u  →    c         x  →    t   , τ   +     W   f   ×   w  →    10 m         x  →    t   , τ     d τ   + R  2   K   h   Δ t   



(1)




where       x  →    t     represents the geographical position of a particle at time   t  , and   Δ t   denotes the time interval (1 h). For time integration, the Runge–Kutta 4th order method [15] is used.       u  →    c     and       w  →    10 m     indicate the surface ocean current and wind at 10 m above sea level, respectively.     W   f   ×     w  →    10 m     is the wind drift, where     W   f     is the windage coefficient. The windage coefficient is determined by the ratio between the amount of exposed to   A i r   and submerged portions (  w a t e r  ) of the EPS buoy (    W   f   = 0.03 ×       A i r   w a t e r         1   2      ). The commonly used 60 L EPS buoys in coastal aquaculture farms have a density of 20 kg/m3, weighing approximately 2 kg, with a submerged volume of approximately 0.002 m3. In the unattached state, the ratio of the portion of the EPS buoy exposed to air to the portion submerged in water (  A i r / w a t e r  ) is approximately 27.35. Therefore, the maximum windage exhibited by EPS buoys is approximately 15%, which falls within the range of windages for plastic waste reported by Yoon et al. [14]. The term   R    2 K   h   Δ t    serves as a random walk component to simulate unresolved processes and sub-grid-scale turbulent motion [16]. Herein,   R   is a random number between −1 and 1, and     K   h     is a horizontal diffusion coefficient based on the Smagorinsky [17] mixing scheme [11,13,18].



Buoyant EPS buoys can also reach and accumulate along the coast [11]. The coast is set based on a grid structure of input data. The grids with valid current data are treated as ocean, and the grids without current data are land, and the boundary between the land grids and ocean grids are treated as coastlines. Particles transported toward land grids are considered to have reached the coast, and resuspension is not considered.




2.2. Input Data


Three hourly surface currents obtained from the 1/12° HYbrid Coordinate Ocean Model (HYCOM, GOFS 3.1, https://www.hycom.org/, accessed on 29 January 2024) were used as input data. HYCOM assimilates a wide range of observational data such as satellite imagery, surface temperature, and ARGO float data to yield an accurate simulation of oceanic conditions. Notably, HYCOM successfully captured primary oceanic flows in the sea regions around the Korean peninsula, as illustrated in Figure 3. Within the study area, the Kuroshio Current is the most significant flow feature, as represented by the red arrows on the map. The Tsushima Warm Current originates from the Kuroshio Current in the East China Sea and flows eastward through the strait between southeastern Korea and Japan. Notably, the HYCOM does not incorporate tidal currents. The mean current strength in the study area ranges from 0.1 to 0.25 m/s, while the strength of the tidal current reaches up to about 1 m/s [19]. Thus, to account for short-term variability, tidal current data from the Oregon State University TOPEX/Poseidon Global Inverse Solution tidal model (OSU TPXO) [20] data were integrated with HYCOM ocean currents.



For the wind data (      w  →    10 m    ), we employed the 1/4° European Center for Medium-Range Weather Forecasts (ECMWF, https://www.ecmwf.int/, accessed on 29 January 2024) Reanalysis v5 (ERA5) at 3 h intervals. The wind patterns in the region exhibit distinct seasonality (Figure 3). Northwesterly winds prevail during winter, influenced by the Siberian high-pressure system, whereas southerly winds are dominant from spring to summer [21]. Based on ERA5 data, the seasonal average wind strength along the South Sea coast, where aquaculture farms are mainly located, is significantly stronger in winter, about 4.7 m/s, than in summer, about 1.1 m/s.




2.3. Experiments


Three types of plastic debris were considered as illustrated in Figure 4. Type A is an EPS buoy with a maximum windage of approximately 15% owing to its buoyancy. Type B is also an EPS buoy but is assumed to be weighed down by attached marine organisms or ropes (Figure 2a), resulting in greater submersion in seawater. Assuming that 75% of the buoy section is exposed to air and approximately 25% is submerged, the ratio of the buoy section exposed to air and water is approximately 4.04, with a windage of approximately 6%. Finally, Type C is a neutrally buoyant plastic, such as small plastic fragments, that is not exposed to air and is therefore unaffected by wind.



The locations and amounts of particles released were determined based on the usage of buoys at individual aquaculture sites, as shown in Figure 1. The top 30 aquaculture sites were selected as the release points. We assumed that approximately 10% of buoys are dislocated in the ocean [7]. From these 30 locations, a consistent number of particles, ranging from 1 to 36, based on the actual usage at each farm, were released daily for each aquaculture site from 2015 to 2017, and the trajectories of these particles were traced for a duration of one year. The selected 30 sites accounted for approximately 94% of the total buoy usage as shown in Figure 1. Approximately 75,000 particles were released for each windage experiment, resulting in 225,000 particles across three experiments.




2.4. Probability Function


The experimental results were analyzed using the probability function reported by Rypina et al. [22], which illustrates the main pathway of particles, similar to the work of Seo and Park [11]. The study area was gridded into a 0.5° × 0.5° square, and the probability (    P   i j    ) of reaching each grid point (  i , j  ) from the aquaculture farms was estimated as follows:


    P   i , j   =     N   i j       N   t o t a l      



(2)




where   i   indicates the zonal direction,   j   represents the meridional direction,     N   i j     denotes the number of particles reaching each grid, and     N   t o t a l     depicts the total number of particles. In each experiment, it is necessary to exclude the impact of particles originating from aquaculture sites that reach the coast soon after their release. Therefore, particles that reached the coast within 3 days after release were excluded from the probability calculation. The numbers of particles (    N   t o t a l    ) used in the calculations for Types A, B, and C were about 71,300, 79,300, and 127,500, respectively.





3. Result and Discussion


3.1. Pathways


Figure 5 illustrates the trajectories of the three types of floating objects over the course of one year. Type A was primarily influenced by wind and predominantly drifted within the East China Sea and the Yellow Sea, with limited occurrences in the East Sea or the northwestern Pacific. In contrast, Type B was distributed across the entire research area, except for the northern Yellow Sea, and Type C predominantly occurred in the East Sea and remained around its release point. In particular, these particles were infrequent in the northern Yellow Sea and near the Pacific Ocean. Simulations conducted over two and three years exhibited similar characteristics.



To further assess the average distribution patterns, the study area was divided into 0.5° × 0.5° grid cells, and the probability distributions were evaluated, as depicted in Figure 6. The areas with higher probabilities indicate the main particle paths. Generally, the probabilities decrease with distance from the origin. Notably, higher windage led to decreased probabilities within offshore grids near the coastal release point, implying that wind facilitated the efficient escape of particles from the coastal area.



In the waters surrounding the Korean Peninsula, including the South Sea where aquaculture farms are located, northwesterly winds dominate in the winter, while southeasterly winds prevail in the summer. These seasonal wind patterns significantly influence particle movement, with southeasterly winds during summer driving particles toward the coast, whereas northwesterly winds during winter tend to push offshore particles toward the southern region of the East China Sea. The probability distributions for Type A and Type B particles are mainly toward the southern East China Sea. From autumn to winter, when northerly winds become stronger, particles disperse southwards as shown in the mean probability distributions. On the other hand, in summer, when southerly winds are active, dispersion along the western coast of South Korea is dominant, especially for Type A, which is affected by wind more. For Type C, with 0% windages, the pathways were primarily determined by the Jeju Warm Current and the Tsushima Warm Current. These particles generally followed a course through the Korea Strait into the East Sea, consistent with the findings of Seo and Park [11] regarding particles originating from a river on the southern coast of the Korean Peninsula. After flowing into the East Sea, the particles move eastward along the East Korea Warm Current and Nearshore branch and are mainly distributed in the southern part of the East Sea.




3.2. Coastal Accumulation on the Coast of South Korea: Comparison with Observations


The number of particles arriving at the coast was compared with the observed data in Figure 7. Observational data were obtained from the Marine Environment Information System (https://www.meis.go.kr, accessed on 29 January 2024), reported by the Ministry of Oceans and Fisheries of Korea. These data covered the average distribution of EPS buoys (measuring 50 cm or larger) over a 10-year span from 2008 to 2017 along the South Korean coast at 20 different locations. These data were obtained by civilian volunteers at each point along a 100 m length of coastline, and we compared the main trends with the distribution results of our model simulations.



The simulation results were compared with the observations at the same 20 locations, as illustrated in Figure 7. All three simulations showed the highest particle densities at L11 and L12, on the southern coast of South Korea, where most aquaculture farms are located and where EPS buoy usage is highest (Figure 7a–c). Similar to the simulations, the observations also showed the highest EPS buoy distribution at L12 on the southwestern coast, with more than 26 items per 100 m (Figure 7d).



To compare the spatial distribution of model data with the variability of observational data, correlation coefficients were used. The correlation coefficients for the simulation results of Types A, B, and C compared to the observations were 0.49, 0.52, and 0.27, respectively. The variance linked to windage is apparent, and the simulation aligns most closely with the observations when a more realistic windage, as seen in Type B, is considered. However, notable discrepancies existed, especially in the far northern areas of the western (L19) and eastern (L1) coasts, where the observed counts exceeded five items per 100 m. This discrepancy can be attributed to the model primarily concentrating on particle emissions from the southern coast of South Korea, suggesting that prevailing currents and winds make it unlikely for particles to reach the farthest northern regions of the western and southern coasts. It is plausible that the EPS buoys observed in these areas do not originate from southern aquaculture farms, but from other sources such as harbors, ships, or fishing markers. Another possibility is that the northernmost part of the west coast of South Korea is of foreign origin. Floating plastic debris released from estuaries of Chinese rivers like the Yangtze and Yellow Rivers can change their paths depending on windage [11]. Specifically, floating plastic debris from the Yangtze River, in the absence of windage, tends to spread through the East China Sea to the southern coast of South Korea and the southern part of the East Sea. However, with an increase in windage up to 5%, the trajectory can shift toward the north, into the Yellow Sea. Consequently, this could potentially lead the debris to reach the western coast of South Korea, adjacent to the Yellow Sea. A similar pattern might be observed for EPS buoys that were lost near the Chinese coast. Therefore, it is possible that EPS buoys from aquaculture farms near Shandong, Jiangsu, and Zhejiang on the Chinese coast [23] or on the coast of Taiwan [24] could end up on the western coast of South Korea.




3.3. Destination


In a three-year simulation, the distribution of Types A, B, and C was assessed across 10 different coastal regions around the Korean Peninsula [11]. Of these regions, eight are coastlines, including three along the Korean Peninsula, and the others are in Japan, China, and Russia, as well as the major islands of Jeju and Tsushima. The particles leaving the study area toward the open ocean through the southern and eastern boundaries (Figure 8) were also counted.



Across all three experiments, the southern coast of South Korea, the initial release point for particles, consistently displayed the most significant concentration, as illustrated in Figure 8. This aligns with earlier studies that focused on pollutants or debris emanating from rivers [11,25]. The percentage of particles near the point of coastal release varied between types, with as low as 47% for Type A and as high as 71% for Type C. The stronger the wind effect, the more likely particles were to travel further away from their release point, thereby enhancing their impact on other shores.



Regarding particles reaching other coastlines, Type A constituted the majority of particles found along the coasts of Jeju Island and China. Conversely, on the Japanese coast, Type C accounted for the majority (15%). The proportions of Types A and B were 13% and 11%, respectively. This variation can be attributed to the different oceanic pathways influenced by the two types. Types A and B primarily affected the western coast of Japan by wind, whereas Type C was largely influenced by the Tsushima Warm Current and Nearshore branch and tended to impact the northern coast of Japan. The results of this study are comparable to those of Seo and Park [12], which accounted for windages ranging from 0 to 4%. Their research across the North Pacific demonstrated that with 0 to 2% windage, particles could potentially reach the Great Pacific Garbage Patch in the Eastern Pacific. In our study, about 2% of particles in Type C crossed the eastern boundary into the Pacific, which is a higher rate compared to Type A and B. Additionally, at 4% windage, floating debris could cross the southern boundary of our study area, potentially impacting areas like Taiwan or the Philippine Sea and coastlines. In the results for Type A and B, 8% and 6% of particles, respectively, were transported across the southern boundary. These EPS buoys with higher windages have the potential to reach areas like Taiwan or the Philippine Sea, similar to the findings of Seo and Park [12]. Such scenarios can lead to transboundary transport, and depending on the case, might influence the potential spread of invasive species due to the transportation of marine organisms attached to the floating debris [26,27].





4. Conclusions


In this study, we employed a Lagrangian particle-tracking model to investigate the movement of EPS buoys commonly used in aquaculture farms in Korea. To account for variations in the buoyancy of these buoys, three experiments were conducted, each considering different levels of windage on the state of the buoys: maximum windage at 15% for the EPS buoy without any attachments, moderate windage at 6% for the EPS buoy with attachments, and no windage for submerged plastic debris such as small plastic fragments. The research results demonstrated a strong dependence of particle trajectories, average paths, and coastal arrivals on windage or buoyance.



The probability decreased monotonically away from the origin, suggesting a lack of convergence zones within our study area as in Seo and Park [11]. The majority of the particles reached the shoreline near their point of origin, in line with the model predictions and actual observations. At 0% windage, the particles flowed into the East Sea from the South Sea. As the windage increased, more particles escaped to the East China Sea and the Yellow Sea. Additionally, due to the stronger windage, EPS buoys were more likely to drift from the Chinese coast into the open seas of the Pacific Ocean when compared to submerged plastic ones. These findings underscore that even when originating from the same origin, the buoyancy of plastics can dictate their movement patterns and final destinations. Consequently, the proportion of particles crossing boundaries has increased, emphasizing the need for meticulous management of floating debris.



The model results show wind-driven dispersal from the south coast of Korea, where the aquaculture farms are located, as seen in the mean probability distribution. In the winter, northwesterly winds contribute to a more pronounced offshore displacement of particles, while in the summer, southeasterly winds tend to push them toward the coast. Considering that production at these aquaculture farms mainly occurs in the winter months, there is a need to consider seasonality in the management of coastal debris.



The transboundary transport of particles, as highlighted in Section 3.3, raises a significant ecological concern regarding the potential spread of invasive species [26]. EPS buoys or plastics can act as vehicles for various coastal organisms, facilitating their transport across vast oceanic distances to new environments where they could become invasive [27]. Invasive species, once introduced to non-native ecosystems, can disrupt local biodiversity, alter habitat structures, and even impact local economies, particularly in coastal and marine communities, so they require attention through continuous monitoring in areas of potential impact.



Our model results show overall patterns of EPS buoy accumulation. Although the beaching of floating debris is a complex process [28,29], we have used a rather simplified beaching parametrization. Furthermore, the resolution of the ocean model is not high enough to fully represent the coastline of the South Sea of the Korean Peninsula. Therefore, to make a more localized assessment, it is necessary to use higher-resolution model outputs along with improved beaching parameterization considering shoreline types and tidal ranges [30].



Further research is imperative to comprehensively understand the flow of EPS buoy debris into the Pacific Ocean and its accumulation in marine environments. A previous study by Seo and Park [12] demonstrated that buoys from the southern coast of Jeju could enter the Pacific Ocean through the East China Sea. These buoys could have reached the North Pacific and U.S. coasts over a span of five years under a windage of approximately 2%. In contrast, EPS type buoys, as considered in our study, are less robust and more susceptible to deformation compared to the coastal wave buoys tracked by Seo and Park [12], which maintain stability without deformation for several years, even in marine environments. Moreover, EPS is likely to sink more quickly if it fragments from EPS buoys, potentially due to biological factors [31]. Considering these aspects, to effectively track the long-term behavior of EPS buoys entering the ocean, future research models should consider not only strong windage but also fragmentation and vertical movement induced by biofouling.
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Figure 1. Locations of aquaculture farms along the coast of South Korea and corresponding usage of EPS buoys. 
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Figure 2. (a) EPS buoy floating near aquaculture farms, (b) fragmented and weathered EPS buoy and plastic debris reaching coastal shore. 
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Figure 3. Mean surface velocity over the Northwest Pacific from the HYCOM GOFS 3.1 analysis for (a) winter and (b) summer from 2015 to 2017. Flows below 0.5 m/s are indicated by black arrows and flows above 0.5 m/s are indicated by red arrows. Mean wind at 10 m above sea level as obtained from ECMWF ERA5 in (c) winter and (d) summer for the same periods of ocean current. 
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Figure 4. Types of EPS buoy and windage: (a) EPS buoy with 15% windage for Type A, (b) EPS buoy with attachments with 6% windage for Type B, (c) and neutrally buoyant plastic without windage for Type C. 
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Figure 5. Particle trajectories obtained via EPS buoy-tracking experiment: (a) EPS buoy with 15% windage for Type A, (b) EPS buoy with attachments with 6% windage for Type B, (c) and neutrally buoyant plastic without windage for Type C. Colors represent individual trajectories. 
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Figure 6. Mean probability distribution of EPS buoy particles originating from aquaculture farms of (a) EPS buoy with 15% windage for Type A, (b) EPS buoy with attachments and 6% windage for Type B, (c) neutrally buoyant plastic without windage for Type C. (d) Schematic diagram of ocean currents (red arrows) around the Korean peninsula from the Korea Hydrographic and Oceanographic Agency (KHOA) and seasonal wind patterns (blue and green arrows). 
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Figure 7. The amount of modeled EPS buoys at 20 locations: (a) 15% windage for Type A, (b) 6% windage for Type B, (c) 0% windage for Type C. (d) Ten-year average concentration distribution (2008–2017) of EPS buoys larger than 50 cm at 20 coastal locations from the Marine Environment Information System of Korea (https://www.meis.go.kr/, accessed on 29 January 2024). 
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Figure 8. Coastal arrival ratio for EPS buoy-tracking experiments, (a) EPS buoy with 15% windage for Type A, (b) EPS buoy with attachments and 6% windage for Type B, (c) neutrally buoyant plastic without windage for Type C. Only arrivals of 5% or more are shown with name of coastal area. (d) Classification of the coastal areas and the destination of the EPS buoy particles. 
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